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We investigated whether treatment with imidacloprid would induce morphological changes, DNA fragmentation, antioxidant imbalance
and apoptosis in the reproductive system of developing male rats. Twenty-four male rats were included in this 90-day study, starting at 7 days of
age. The rats were divided into four groups. The first group was used as control. The second, third and fourth groups received oral 0.5-, 2- and
8-mg/kg imidacloprid, respectively. Serum, sperm and testis samples were collected from all groups at the end of the experimental period. Theweights
of the epididymis, vesicula seminalis, epididymal sperm concentration, body weight gain, testosterone and reduced glutathione values were lower in
the imidacloprid-treated groups than that in the controls. All treated groups had increased lipid peroxidation, fatty acid concentrations and higher rates
of abnormal sperm. Apoptosis and fragmentation of seminal DNA were higher in rats treated at the two higher doses of imidacloprid. These results
show that this compound has a negative effect on sperm and testis of rats. Copyright © 2012 John Wiley & Sons, Ltd.
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INTRODUCTION
Reactive oxygen species (ROS) aremainly composed of super-
oxide anion, hydrogen peroxide and singlet oxygen. The
oxygen-derived species can attack DNA, producing a distinct-
ive pattern of DNA alterations.1 ROS play an important role in
the pathogenesis of male reproductive system because the
existence of polyunsaturated fatty acids in the testes makes this
organ more sensitive to oxidative damage.2,3
There are numerous studies indicating that organophos-
phate-induced ROS caused reproductive tissue damage and
that it has an important role in the pathophysiology of testis,
probably via inhibition several enzymes involved in DNA
synthesis and pathology of membrane polyunsaturated fatty
acids,4,5 decreasing activity of glutathione (GSH), GSH
peroxidase6,7 and antioxidant vitamins.5,8,9
Many studies have reported adverse effects of various
environmental toxicants on reproductive systems of
humans and experimental animals.10 Imidacloprid [1-(6-
chloro-3-pyridylmethyl)-2-nitroimino-imidazolidine (IMI)]
has gained great attention as a synthetic insecticide that acts
in a similar manner as nicotine and is now widely used for
the control of pests on crops and fleas on domestic animals.11
Many pesticides having endocrine disruptor properties
are also known to adversely impair the reproductive compe-
tence of males. Endocrine disruptors in the animal/human
body and their adverse effects are related with their ability
to interfere with sex steroid action, which finally causes
adverse effects to the adult reproductive system.4 IMI is
metabolized by human cytochrome P450 isozymes through
two pathways: (i) imidazolidine hydroxylation and desatur-
ation, resulting in 5-hydroxyIMI and an olefin, respectively,
and (ii) nitroimine reduction and cleavage, yielding the
nitrosoimine, guanidine and urea derivatives.12
Testicular toxicity of insecticides is an important side
effect on account of infertility, although there is no report
of infertility in IMI toxicity. Extensive investigations
were conducted to evaluate cellular and molecular aspects
of gonadal damage in animals during spermatogenesis
following chemical exposure to insecticides.7,13
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The exposure to insecticides such as carbofuran
caused cellular-chromosomal alterations leading to oligo-
zoospermia in men.14 In view of the evident cytotoxic
nature of insecticides, the study of cellular proliferation
using rat as animal model became imperative to explore
the possible mechanism and dose of drug-dependent
cytotoxicity.15
Although there are potential sources of toxic hazards from
IMI, such as the global increase in its use and its persistence
in crops, vegetables and fruits and physical contact in pets,
there are few investigations on the toxic effects of chronic
IMI exposure in human and experimental animal
models.16,17 To our knowledge, the effects of IMI expos-
ure on reproductive functions of male rats have not been
previously reported.
Consequently, the primary objective of the present study
was to determine the possible effects of IMI exposure on
the reproductive organ of male rats during early stages of
postnatal development.
MATERIALS AND METHODS
Animals and experimental design
The Animal Use Committee of Firat University (Elazig,
Turkey) approved all of the experimental protocols, which
complied with the NIH Guide for the Care and Use
of Laboratory Animals (NIH publication no. 85–23,
revised 1985).
Twenty-four healthy adult male Wistar albino rats,
aged 7 days, were obtained from and maintained at the
Experimental Research Centre, Firat University. The
animals were housed in polycarbonate cages in a room with
a 12-h day–12-h night cycle at a temperature of 24 3 C
and humidity of 45% to 65%. During the whole experimen-
tal period, the animals were fed a standard commercial diet
(Elazig Food Company, Elazig, Turkey) and allowed to
drink water ad libitum.
Subchronic 90-day oral toxicity study
The animals were randomly divided into four groups with
six animals in each group.
Group 1 Control, receiving corn oil as vehicle by gastric
gavage in the same amount as that used for dissolving
IMI in the other groups starting at postnatal day 7 for
3 months.
Group 2 Received 0.5mg/kg body weight (BW) IMI
dissolved in corn oil, daily by gastric gavage during the
3-month experimental period.
Group 3 Received IMI at a dose of 2mg/kg BW as
previously described.
Group 4 Received IMI at a dose of 8mg/kg BW, as
previously described.
The treatment doses were chosen to be lower than the
reported no observable effect level, which is 5–10mg/kg
BW/day in male rats.18
Sample collection and homogenate preparation
After the experimental period, the animals (at age 97 days
old) were decapitated, and their testis, epididymis, seminal
vesicles and ventral prostate were removed, cleared of
adhering connective tissue and weighed. Blood samples
were also collected right after decapitation.
The right testicles were fixed with Bouin’s fluid and the
left testicles frozen in liquid nitrogen and stored at 70 C
until use for lipid peroxidation (LP), GSH, fatty acids and
DNA analyses analysis. The serum was separated and
also stored at 70 C until use for the estimation of the
testosterone levels using the appropriate kits (Boehringer
Mannheim, Germany).
Localization of apoptotic cells in the testis
Apoptotic cell death of spermatogenic cells was established
by terminal deoxynucleotidyl transferase (TdT)–mediated
dUTP nick end labelling (TUNEL) assay by the ApopTag
Peroxidase In-Situ Apoptosis Detection Kit (Chemicon,
Temecula, CA). Briefly, the fixed testicular tissue was
embedded in paraffin and cut into 4-mm-thick sections. The
paraffin was removed by immersing the sections in xylene,
after which they were dehydrated through graded alcohol
and washed in PBS. The sections were treated with 0.05%
proteinase K for 5min followed by treatment with 3% hydro-
gen peroxide for 5min to inhibit endogenous peroxidase.
After washing in PBS, the sections were then incubated with
the TUNEL reaction mixture containing terminal TdT
enzyme and digoxigenin-11-dUTP at 37 C for 1 h in a
humidified chamber and then stop/wash buffer was applied
for 30min at 37 C. The sections were visualized with
diaminobenzidine substrate, counterstained with Mayor’s
hematoxylin, dehydrated in graded alcohol and cleared.
Negative controls were performed using distilled water in
the place of the TdT enzyme.
Sperm analyses
Epididymal sperm concentration. The epididymal sperm
concentration was determined with a hemocytometer using
a modified procedure.19 The right epididymis was finely
minced with anatomical scissors within 1ml of isotonic
saline in a Petri dish and then completely disintegrated with
tweezers and allowed to incubate at room temperature for
4 h to accomplish the migration of all spermatozoa from
epididymal tissue to fluid. After incubation, the epididymal
tissue–fluid mixture was strained to separate the homogen-
ate from tissue particles. The homogenate fluid containing
all epididymal spermatozoa was drawn into an erythrocytes
pipette up to the 0.5 mark of the capillary tube. A solution
containing 0.6M sodium bicarbonate, 1% formalin and
0.025% eosin was pulled into the bulb up to line 101 of
the pipette, producing a 1:200 diluted sperm suspension.
Then, approximately 10 ml of this suspension was
transferred to the two counting chambers of an improved
Neubauer counter (Deep 1/10mm, LABART, Darmstadt,
Germany) and allowed to stand for 5min. The spermatozoa
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in both chambers were counted with the help of light
microscope at 200 magnification.
Sperm motility. Freshly isolated left epididymal tissue was
used for the analysis of sperm motility.19 The percentage
sperm motility was evaluated using a light microscope with
heated stage. For this process, a slide was placed on a light
microscope warmed up to 37 C, and then several small
drops of Tris buffer solution [0.3M Tris (hydroxymethyl)
aminomethane, 0.027M glucose, 0.1M citric acid] were
placed on the slide, mixed and covered for observation at
400 magnification. Motility estimates were performed
from three different fields in each sample. The mean of
the three successive estimations was used as the final
motility score.
Sperm morphology. To determine the percentage of
morphologically abnormal spermatozoa, the slides were
stained with a mixture of 1.67% eosin and 10% nigrosin in
0.1M sodium citrate for viewing under a light microscope
at 400 magnification. A total of 300 spermatozoa were
examined on each slide [1800 cells in each group (n= 6)],
and the head, tail and total abnormality rates of spermatozoa
were expressed as percentage.19
Determination of lipid level in testis
Lipids were extracted from the left testis with hexane-
isopropanol (3:2 v/v) by the method of Hara, Radin.20
The samples (1 g) were homogenized with 10ml of mixture
of hexane-isopropanol. Subsequently, the fatty acids were
converted into methyl esters with 2% sulfuric acid (v/v)
in methanol and extracted with 5ml n-hexane for chroma-
tographic analysis in a Shimadzu GC-17A gas chromato-
graph equipped with a 25-m, 0.25-mm i.d. Permabond
fused silica capillary column (Machery-Nagel, Germany)
and a flame ionization detector. The oven temperature
was programmed from 145 C to 215 C, in 4 C/min
intervals. The injector and flame ionization detector
temperatures were 240 C and 280  C, respectively. The
nitrogen carrier gas flow was 1ml/min. The methyl esters
of fatty acids were identified by comparison with authentic
standard mixtures analysed under the same conditions. The
values were expressed as micrograms per gram of tissue.
Serum testosterone
A DRG Elisa kit (ELISA EIA-1559, 96 Wells kit, DRG
Instruments, GmbH, Marburg, Germany) was used for
the determination of serum testosterone following to the
analytical protocol supplied by the kit manufacturer.
Analysis of DNA fragmentation in testis
The fragmentation of DNA in left testis was deter-
mined by a modification of a previously described pro-
cedure.21 Semen was homogenized in lysis buffer
containing 50mM of Tris–HCl (pH 8.0), 10mM of
ethylenediaminetetraacetic acid, 0.5% (w/v) of sodium
dodecyl sulfate, 1% of Triton X-100, 0.25mg/ml of
RNAse A and 100 mg/ml of proteinase K (final
concentration, 2.5 mg/ml) and incubated for 1 h at 65 C.
After centrifugation at 12 000g, 4 C for 20min, the
supernatant was extracted with phenol and chloroform
and DNA precipitated by 100% ethanol, washed with
70% ethanol. DNA was resuspended in Tris–
ethylenediaminetetraacetic acid buffer for electrophoretic
analysis in 2% agarose gel. The gel was stained with
ethidium bromide and visualized under UV light.
Analysis of LP [malondialdehyde (MDA)] and reduced GSH
levels in testis of rats
The concentration of thiobarbituric acid–reactive substances
in the tissue samples was estimated by the method of de las
Heras.22 In brief, 1ml of tissue homogenate (supernatant;
Tris–HCl buffer, pH 7.5) was mixed with 2ml of a 1:1:1
mixture of TBA/TCA/HCl (0.37% thiobarbituric acid,
0.25N HCl and 15% TCA) placed in a water bath for
60min, allowed to cool and centrifuged at room temperature
for 10min. The MDA complex was analysed using the high-
performance liquid chromatography equipment (Shimadzu,
Kyoto Japan). The values were expressed as micrograms
per gram of tissue.
Reduced GSH was determined by the method of
Ellman23 as described in our study.24 Briefly, 1ml of
tissue homogenate was treated with 1ml of metaphos-
phoric acid (Sigma, St. Louis, MO), and the mixtures
were centrifuged at 5000 rpm to collect the supernatant.
After deproteinization, the supernatant was allowed to
react with 1ml of Ellman’s agent (30mM 5, 5′-dithiobis-
nitrobenzoic acid in 100ml of 0.1% sodium citrate). The
absorbance of the yellow product was read at 412 nm in
a spectrophotometer. The values were expressed as micro-
grams per gram of tissue.
Statistical analysis
One-way ANOVA and post hoc Tukey HSD test were used
to determine differences between groups for all parameters.
The results are presented as meanSEM. Values were
considered statistically significant if P< 0.05. The SPSS/
PC program (Version 10.0; SPSS, Chicago, IL) was used
for the statistical analysis.
RESULTS
Effect of IMI on final BW and serum testosterone
Table 1 shows the mean values of BW gain and serum
testosterone levels at the end of the experimental period.
These parameters were significantly lower in the three
IMI-treated groups than that in the controls (P< 0.001).
Reproductive organ weights
The absolute organ weights of testis, epididymis, right
cauda epididymis, prostate and seminal vesicles of
controls and IMI-treated rats are shown in Figure 1. The
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weights of epididymis (P< 0.05), right cauda epididymis
(P< 0.05) and seminal vesicles (P< 0.001) of IMI-05,
IMI-2 and IMI-8 group were significantly lower than that
in the controls.
Epididymal sperm characteristics
The epididymal sperm characteristics of control and IMI-
administered rats are presented in Table 2. There was no
significant difference in sperm motility, epididymal sperm
concentration and abnormal sperm rate in the three
groups. However, epididymal sperm concentration (P< 0.05)
and abnormal sperm rate (head, tail and total values)
(P< 0.001) were significantly higher in IMI-8 group
than that in control group.
Evaluation of TUNEL staining
Apoptosis levels in testis of control and IMI-treated rats,
demonstrated by TUNEL staining, are shown in Figure 2.
TUNEL-positive cells had the typical morphological
features of apoptosis, including chromatin condensation,
cytoplasmic budding and apoptotic bodies. To estimate
the apoptotic index, TUNEL-positive cells in seminiferous
tubules (100 per animal) in 20 randomly chosen fields
were counted. The apoptotic index was calculated as the
percentage of cells with TUNEL positivity. No or few
TUNEL-positive cells were observed along the basement
of seminiferous tubules (Figure 2A). Treatment with IMI
resulted in apoptotic death of germ cells at the seminifer-
ous tubules (Figures 2D–2F). The apoptotic indexes were
increased in the testis of IMI groups in a dose-dependent
manner: 1.35 0.67% (0.5mg/kg), 3.60 1.38% (2mg/kg)
and 5.26 1.68% (8mg/kg), respectively, relative to control
(0.31 0.2%).
Analysis of DNA fragmentation
The fragmentation of DNA is shown in Figure 3.
Apoptotic cells usually contain fragmented DNA, which
can be visualized by gel electrophoresis. Such fragmen-
tations were used as a criterion for apoptosis. The DNA
isolated from the sperm of rats exposed to IMI at doses
of 8mg/kg BW and showed degradation into oligonucleo-
tide fragments, forming a clear laddering pattern of
apoptosis when separated by electrophoresis (Figure 3).
The DNA fragmentation was less obvious in the semen
of rats of IMI-2, whereas there was no fragmentation in
the seminal DNA of rats from IMI-0.5.
Biochemical parameters
The levels of total cholesterol, testicular fatty acid
compositions (palmitic, palmitoleic, stearic, oleic, lino-
leic, arachidonic and docosapentaenoic acids) and choles-















































p<0.01 versus control.  
Figure 1. Effects of IMI on absolute weights of reproductive organs including testis, epididymis, right cauda epididymis, vesicular seminalis and prostate in
rats (meanSEM and n= 6)
Table 1. Effect of IMI on final BW gain and serum testosterone levels in rats (meanSEM)
Parameters Control (n= 6) IMI-0.5 (n= 6) IMI-2 (n= 6) IMI-8 (n= 6)
BW (g) 274.3 3.0 251.8 3.3a 235.4 5.7b 222.5 8.8b
Testosterone (ng/dl) 97.6 6.7 72.3 7.9b 66.1 9.5b 45.8 9.2b
aP< 0.01. bP< 0.001 versus control.
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The serum total cholesterol levels were significantly
higher in the IMI-2 (P< 0.05) and IMI-8 (P< 0.01)
groups than that in the controls.
Treatment with IMI resulted in significant (P< 0.001)
increases in palmitic acid (16:0), palmitoleic acid (16:1),
stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2 n6),
dihomo-g-linolenic acid (20:3 n6), arachidonic acid (20:4
n6), docosapentaenoic acid (22:5 n6) and total lipid values
in a dose-dependent manner except oleic and linoleic acids
(P< 0.001).
LP (MDA) and reduced GSH levels
The effects of IMI-8 on testis MDA and GSH are shown in
Figure 4. The analyses of MDA and GSH were possible only
in the IMI-8 group because most of the samples from the
Table 2. Effect of IMI on epididymal sperm characteristics in rats (meanSEM and n= 6)
Groups
Abnormal Sperm rate %
Sperm motility (%) Epididymal sperm concentration (million/cauda epididymis) Head Tail Total
Control 74.6 4.3 101.6 10.3 2.0 0.8 2.7 0.0 4.7 1.1
IMI-0.5 70.0 4.1 102.0 5.0 2.0 0.7 2.8 0.5 4.8 0.5
IMI-2 65.0 2.9 86.3 8.2 2.3 0.3 2.7 0.9 5.0 1.2
IMI-8 61.1 2.2 61.0 4.4a 6.0 1.2b 9.0 1.2b 15.0 1.4b
aP< 0.05. bP< 0.001 versus control group.
Figure 2. Representative photomicrographs of TUNEL staining in the testes of (A) control, (D) IMI-0.5, (E) IMI-2 and (F) IMI-8 groups.
(C) Negative staining control is also illustrated to ensure the staining methods are working well. Note that there were no detectable signals in the
negative control. (B) Positive control: TUNEL-stained cells in breast tissue where continuous apoptosis takes place. Arrows indicate candidate
apoptotic cells. Calibration bar: 50 mm
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0.5- and 2-mg/kg groups were used other analysis. The
levels of MDA (P< 0.05) were significantly higher and
those of GSH significantly (P< 0.001) lower in the rats
treated with 8mg/kg IMI than that in the controls.
DISCUSSION
This study is the first to show that exposure of developing
male rats to sublethal dosages of IMI, a neonicotinoid
pesticide, affects the reproductive organ of male rats by
decreasing the mass of accessory sex organs, testosterone
level, sperm concentration, by increasing the rate of
abnormal sperm morphology, by changing the lipid
composition of testicular tissue, by fragmenting seminal
DNA and by increasing apoptosis of spermatogenic cells.
We observed a direct relationship between the dose of IMI
and the degree of sperm deterioration. At the highest dose of
IMI, the epididymal sperm concentration was significantly
decreased accompanied by significantly higher counts of ab-
normal sperm. The decrease in epididymal sperm concentration
might be due either to the inhibition of testosterone biosyn-
thesis as evident by decreased testosterone levels or to the apop-
tosis in spermatogenic cells, as demonstrated by increased
apoptotic index/seminal DNA fragmentation. It might also be
due to suppression of the luteinizing and follicle-stimulating
hormones (FSH and LH).4
Sperm motility can be used as an important functional
parameter to predict sperm-fertilizing capacity.25 A decrease
in sperm motility may be due to low levels of ATP.26 Toxic
effects including reduced sperm motility and concentration
with increased abnormal sperm morphology are in agree-
ment with the effects of many other pesticides.27 We noted
that the administration of IMI reduces sperm motility, but
the extent of the reduction was not significant.
Leydig cell development begins on day 14 postpartum,
and the differentiation of adult Leydig cells is finalized by
day 56 in the testis of rats.28 Testosterone is responsible
for the development of male secondary sex characteristics
and hormonal imprinting of the liver, prostate and
hypothalamus in the prepubertal period and supports
spermatogenesis, sperm maturation and sexual function
in the adult.29 For these reasons, the impairment of
testosterone biosynthesis may consequently result in
reproductive dysfunction.
The decrease of testosterone levels induced by IMI
exposure may indicate that IMI has a direct inhibitory effect
on testosterone production from Leydig cells. The adminis-
tration of IMI may disrupt the biosynthesis of testosterone in
Leydig cells because of decreased LH secretion by the
pituitary and/or from decreases in steroidogenic enzyme
gene transcriptional activity.
In fact, IMI acts as a nicotine acetylcholine receptor
agonist and somehow likely to interfere with the release of
gonadotropin-release hormone from hypothalamus and/or
with release of LH/FSH from the pituitary, resulting in the re-
duction of sperm production in the testes, as suggested by
Ngoula et al.30 for pirimiphos-methyl, an organophosphorous
pesticide in rats.
Furthermore, Akingbemi et al.28 demonstrated that the
cytochrome P450 enzymes, which catalyse the first reaction
in the testosterone biosynthetic pathway, that is, the conver-
sion of cholesterol to pregnenolone, were down-regulated
by a biologically active metabolite of methoxychlor.
Figure 3. Effects of CTD exposure at doses of 0.5, 2 and 8mg/kg BW.
CTD exposure on DNA fragmentation in infant male rats at particularly
8mg/kg BW dose induces the cleavage of DNA into oligonucleosome-
length fragments, a characteristic of apoptosis. Marker (M) =molecular
weight standards; IMI-0.5 = 0.5mg/kg BW; IMI-2 = 2mg/kg BW; IMI-
8 = 8mg/kg BW
Table 3. Effect of IMI on fatty acid concentrations (mg/100ml) in testis of rats (meanSEM)
Parameters Control (n= 6) IMI-0.5 (n= 6) IMI-2 (n= 6) IMI-8 (n= 6)
Palmitic acid (16:0) 3047.8 130.3 6435.1 611.4a 6418.4 736.3a 6436.7 783.6a
Palmitoleic acid (16:1) 89.5 35.2 340.2 58.5a 342.6 7.1a 410.9 59.2a
Stearic acid (18:0) 564.3 104.9 1303.2 206.9a 1607.4 165.8a 2130.9 136.8a
Oleic Acid (18:1) 1044.9 70.0 1871.1 323.5a 1923.0 63.3a 2216.2 406.6a
Linoleic acid (18:2 n6) 398.4 63.4 894.2 237.1a 919.8 79.1a 939.5 236.7a
Dihomo-g-linolenic acid (20:3 n6) 78.0 11.5 176.5 15.4a 192.8 5.1a 203.4 32.9a
Arachidonic acid (20:4 n6) 1642.7 70.7 2731.2 249.1a 2851.7 25.9a 2964.2 52.1a
Docosapentaenoic acid (22:5 n6) 1644.0 104.8 2972.4 258.1a 3229.5 58.4a 3548.1 349.9a
Total lipid 8771.3 362.1 17590.4 121.1a 17786.3 59.7a 19956.3 249.6a
aP< 0.001 versus control.
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During the postnatal development of testis, the number
of Leydig cells increases, and they acquire steroidogenic
capacity, which are androgen dependent.29 The
disruption of testosterone biosynthesis by IMI conse-
quently may reduce the number of Leydig cells per testis
and/or decrease the steroidogenic capacity of individual
Leydig cells.
In the present study, MDA and fatty acid concentrations
in testis were higher at 8mg/kg dose than that in control.
However, the exposure of developing rat to IMI induces
depletion in antioxidant defense systems, as indicated with
decreased GSH in testis, because the generation of excessive
free radicals/ROS in tissues and subcellular compartments is
scavenged by the antioxidant defense system.31–33
This may consequently lead to disruption in functional
integrity of membrane structures of the mitochondria and
other cytoplasmic organelles through peroxidation of
phospholipids, proteins and nucleotides in testis.5,34 The
subcellular membranes, rich in unsaturated fatty acids,
contain low levels of antioxidants and are highly susceptible
to LP. The mitochondrial and microsomal membranes
consequently may undergo permeability changes following
enhanced LP and GSH depletion.1
Male reproductive organs are particularly susceptible to the
deleterious effects of ROS and LP, resulting in impaired
fertility,2 as evidenced by the increased apoptosis of germ cells
in testis and seminal DNA fragmentation in the present study.
Thus, the adverse effect of IMI on reproduction of male
rats appears to be due to the induction of oxidative stress
in testis. Apoptosis in the testis occur so much that 75%
of germ cells die by spontaneous apoptosis,17 leading to
abnormal spermatogenesis.3 Consistently, increased apoptotic
index in the testicular tissue found in the present study was
well correlated with decreased sperm count and increased
sperm abnormalities.
In conclusion, we observed that the three doses of IMI
are capable of altering significant reproductive functions
such as hormonal balance (the oxidant/antioxidant
balance) and alters DNA along with marked morpho-
logical changes in testis of rats. The current study may
be primarily used to understand mechanism of IMI
induced testis toxicity.
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